The pleth variability index (PVI) has been demonstrated to be a useful, noninvasive indicator of continuous fluid responsiveness. Whether PVI can be used to assess the changes of intravascular volume status remains to be elucidated.
Background
Accurate estimation of intravascular volume is very important for anesthesiologists to maintain the stability of the cardiovascular system during anesthesia, especially for unstable or hypovolemic patients. Changes in heart rate (HR), blood pressure, and central venous pressure are still most commonly used to assess the blood circulation status, but these indices have been shown to be insufficient for guiding fluid management, owing to their poor correlation with fluid responsiveness [1] [2] [3] .
Recently, dynamic indices measuring respiratory variations in arterial pulse pressure, stroke volume, and the pulse oximeter plethysmographic waveform have been demonstrated to be highly predictive of fluid responsiveness in mechanically ventilated patients [4, 5] . The pleth variability index (PVI), which is derived from respiratory variations in the peripheral perfusion index (PI), provides clinicians with a numerical value obtained noninvasively, automatically, and continuously [6] [7] [8] . However, whether the changes in PVI detected at the end of the finger can mirror the changes of intravascular volume or cardiac preload remains unclear.
Although the indocyanine green (ICG) dilution method has become feasible to measure plasma volume, it is not yet used in routine clinical practice. In 1993, Ishihara et al. introduced the concept of initial distribution volume of glucose (IDVG) to assess intravascular volume [9] . As opposed to the ICG dilution method, IDVG can reliably measure the extracellular fluid (ECF) volume in various pathological conditions, including those with both fluid gain and loss. The central ECF volume includes not only the plasma volume, but also the interstitial fluid volume status of highly perfused organs, making IDVG a useful tool to assess the status of intravascular volume or cardiac preload. It is especially useful in the early stages of blood or body fluid loss, when the cardiac output remains constant because of autonomic nervous system compensation and ECF redistribution [10, 11] .
Although IDVG has been demonstrated to assess the status of intravascular volume and predict the development of hypovolemic hypotension, repeated measurements of IDVG require intervals of at least 30 min, making it inconvenient to direct real-time fluid therapy [12] [13] [14] . The goal of this study was to explore the relationship between PVI and IDVG and to evaluate PVI as a noninvasive indicator of moment-by-moment central extracellular fluid volume in mechanically ventilated patients after anesthesia induction.
Material and Methods
After approval of the research protocol by our institutional ethics committee for human studies and personal informed consents were obtained, 31 American Society of Anesthesiologists grade I and II patients aged 20-65 years undergoing elective abdominal surgeries were included in this study. Patients with diabetes mellitus, cardiopulmonary dysfunction, liver or renal dysfunction, significant arrhythmia, or extensive peripheral arterial occlusive diseases were excluded.
All patients fasted for 6-8 h before surgery. Upon arrival in the operating room, noninvasive arterial blood pressure, electrocardiography, and pulse oximetry were monitored (MD50 monitor; Philips Healthcare, the Netherlands). A 20-G needle was inserted into the radial artery under local anesthesia for measurement of arterial pressure. An 18-G indwelling catheter was inserted into the left median cubital vein for fluid and glucose administration. PI and PVI were continuously monitored through the left index finger using a pulse oximeter wrapped with black paper to minimize light interference (Masimo Radical7; Masimo Corporation, Irvine, CA, USA).
General anesthesia was induced by intravenous injection of midazolam 0.04mg/kg, propofol 2.0-2.5 mg/kg, fentanyl 2-4 µg/kg, and succinylcholine 2 mg/kg. After tracheal intubation, all patients were ventilated in volume-controlled mode by an Ohmeda Aestiva ® /5 anesthetic machine (GE Healthcare, Madison, WI, USA) with a tidal volume of 8-10 mL/kg body weight with respiratory frequency adjustment to maintain end tidal PCO 2 at 3.8-4.7 kPa and zero end-expiratory pressure. Anesthesia was maintained with 1.3 MAC sevoflurane; intravenous vecuronium 0.1 mg/kg first, then 0.05 mg/kg and/or fentanyl 2 μg/kg intravenous bolus injection as needed. All patients received lactated Ringer's solution infusion (2 mL/kg/h) during the induction period. Phenylephrine (20-40 μg) intravenous bolus was given if systolic blood pressure (SBP) was less than 90 mmHg. Patients requiring vasoactive drugs during anesthesia induction and the first 5 min after the glucose intravenous injection were excluded from the study.
Five minutes after induction, monitoring of changes of arterial pulse pressure and systolic pressure was instituted as described in the monitor manual. PPV (%) was then calculated as follows:
where PPmax and PPmin are the maximal and minimal values within 1 respiratory cycle [15] . Average PPV (%) was calculated 3 times within 3 consecutive respiratory cycles. The mean value of the 3 determinations was used for analysis. SPV (%) was calculated in the same way, using SBP:
where SBPmax and SBPmin are the maximal and minimal values within 1 respiratory cycle [15] .
After the HR, PP, SBP, PI, and PVI baseline values were obtained, 10 mL of 50% glucose was injected through the left median cubital vein over 30 s to estimate IDVG. Arterial blood samples were drawn and measured immediately before and 1, 3, 5, and 60 min after glucose administration. IDVG was calculated using a one-compartment model from the increased blood glucose levels between 3 and 7 min. IDVG is calculated as follows:
where exp is the exponential function and ∆gl is the incremental glucose level at 3 min after intravenous glucose injection [16] . The IDVG (mL/kg) is calculated based on the basal body weight before anesthesia.
PVI is an automatic measurement of the dynamic change in PI that occurs during a complete respiratory cycle, and is displayed continuously.
Numerical data are expressed as mean ± standard deviation. Comparison analysis was performed using the Student's ttest, and correlation analysis was performed using the Pearson test. The best fit lines of IDVG, PPV, SPV, and PVI were determined using a least-squares regression technique. Receiver operating characteristic (ROC) analyses were used to calculate the comparable threshold values of IDVG, PVI, PPV, and SPV. PPV=11% or IDVG <100 mL/kg was selected as the threshold for hypovolemia. The areas under the curves (AUCs) were compared using the DeLong method [17] . Optimal cutoff values were calculated using the Youden index (calculated as: sensitivity + specificity -100). Statistical analyses were performed using MedCalc for Windows, version 12.6.1.0 (MedCalc Software, Ostend, Belgium). The level of statistical significance was P<0.05.
Results
Thirty-one patients undergoing elective abdominal surgeries were enrolled into this study. One of the patients was excluded from the study due to a pre-injection blood glucose level over 9.0 mmol/L. The demographic characteristics and baseline parameters are shown in Table 1 . No change was noted in HR and mean artery pressure (MAP) immediately before and 5 min after intravenous glucose injection (P>0.05).
The average blood glucose levels at baseline and 1, 3, 5, and 60 min after glucose injection were 5.60, 9.69, 9.34, 8.89, and 5.85mmol/L, respectively. The blood glucose level returned to baseline level at 60 min (P>0.05) (Figure 1 ).
Strong negative correlations were found between IDVG and PVI, IDVG and PPV, and between IDVG and SPV. The correlation coefficients along with 95% confidence interval (CI) were -0.72 (-0.86 to -0.49), P < 0.01 (Figure 2A To further compare the abilities of IDVG, PVI, and SPV to detect hypovolemia, the ROC curve was drawn using MedCalc Values are presented as mean ± standard deviation or as number of patients. 
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software with PPV over 11% as the threshold of hypovolemia or fluid responsiveness [18] (Figure 3) . As determined by the Youden index, the optimal cutoff values (with sensitivity and specificity in parentheses) for IDVG, PVI, and SPV comparable to PPV over 11% as the threshold of hypovolemia or fluid responsiveness were 94.5 mL/kg (75%, 100%), 13% (91.7%, 77.8%), and 7% (41.7%, 100%). All individual AUCs were significantly different from the area under the reference line (area=0.5), the P values of IDVG and PVI were all less than 0.001, and the P value of SPV was 0.04. A significant difference also existed between the AUCs of IDVG and SPV (P=0.03). No difference between the AUCs of IDVG and PVI, or between PVI and SPV, were identified (Table 2) .
While IDVG <100mL/kg was selected as the threshold of low central ECF volume, the optimal cutoff values of PPV, PVI, and SPV (with sensitivity and specificity in parentheses) were 10.02% (84.6%, 82.4%), 14% (69.2%, 70.6%), and 6.33% (61.5%, 88.2%) (Figure 4 ). All individual AUCs were significantly different from the area under the reference line, the P value of PPV was less than 0.001, the P value of PVI was 0.006, and the P value of SPV was 0.03. No significant differences were found among the AUCs of PPV, SPV, and PVI (Table 3) .
Discussion
ECF redistribution from the central to the peripheral compartment is one of the major causative factors of hypotension after anesthesia induction [13] . This relative hypovolemic hypotension is usually corrected by fast fluid infusion. However, it is hard to optimize the amount of fluid because of the lack of effective tools to assess the volume of the central or peripheral compartment or the amount of ECF shift. In this study, we found that PVI, PPV, and SPV have strong negative linear correlations with IDVG, which is simple, minimally invasive, and inexpensive measure of the central ECF volume. The optimal cutoff values for PPV, PVI, and SPV equivalent to IDVG lower Table 3 . The area under the ROC curve (AUC) for PPV, PVI, and SPV.
# Significant level P (Area=0.5). AUC ± SE -area under the ROC curve ± Standard Error; 95% CI -95% Confidence Interval; PPV-PVI -AUC difference between PPV and PVI; PPV-SPV -AUC difference between PPV and SPV; PVI-SPV -AUC difference between PVI and SPV.
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than 100 mL/kg as the threshold of hypovolemia are 10.02%, 14%, and 6.33%, respectively, which are comparable to their cutoff thresholds for fluid responsiveness [6, 15, 19] . The AUC of PVI is lower than those of PPV and SPV, but they are all over 0.7, suggesting they are all good parameters in assessing the central ECF volume status. Although IDVG has a better correlation with cardiac output (CO) than ICG dilution, and can predict postoperative hypovolemia, repeated measurements of IDVG require at least 30-min intervals, which makes IDVG inadequate to assess individual response to a fluid challenge [10, 14] . Owing to the simple, noninvasive, characteristics of PVI, our study indicates that PVI might be useful in assessing the central ECF volume status and directing fluid therapy.
PPV and SPV have been repeatedly proven to be able to predict fluid responsiveness and assess the cardiac preload or intravascular volume status. PPV is considered superior to SPV [18, 20, 21] . Data from the present study support these findings. When PPV over 11% is arbitrarily selected as the threshold of hypovolemia prediction based on literature reports [15, 18] , the optimal cutoff value of IDVG comparable to PPV in this study is 94.5 mL/kg, which is less than the lower limit of the normal IDVG range (110-130 mL/kg) [12, 22] . Although PPV and SPV dynamic indices from respiratory variations strongly correlate with IDVG, the major limitations of routine clinical use of these indices are invasive arterial catheterization, expensive instruments, or specific software [18] . Stroke volume variation (SVV) can be noninvasively measured and calculated by echocardiography; however, SVV cannot be monitored continuously. There is mounting evidence that PVI is strongly correlated with PPV, and can predict fluid responsiveness in mechanically ventilated patients [8, 23] . The data in our study not only confirm this strong correlation, but also demonstrate a strong correlation with IDVG. Additionally, the optimal cutoff value of PVI is about 14%, while IDVG <100 mL/kg was selected as the threshold for hypovolemia, which is outside the normal range of PVI (9-13%). The AUC is 0.75±0.09. Both parameters suggest that PVI might be used to monitor the status of central ECF volume and to predict hypovolemia.
Compared with the "gold standard" of measuring circulating blood volume [24] , IDVG, as opposed to plasma volume measured by the ICG method, correlates better with CO following major abdominal surgery. More than 4000 IDVG determinations in an intensive care unit setting demonstrated that patients with an IDVG less than 100 mL/kg generally require fluid therapy [22] . Therefore, IDVG less than 100mL/kg was selected as the threshold for hypovolemia in this study.
As opposed to the measurement of IDVG, which is independent of the plasma glucose values before glucose injection, infusion of insulin, use of vasoactive drugs, and mechanical ventilation [10] , the dynamic indices measure the variations induced by lung-heart interaction. Patients must be in sinus rhythm and be mechanically ventilated in a volume-controlled mode with tidal volumes >8 mL/kg [25] . Therefore, it is better to regard these dynamic indices as indicators of the position on the Frank-Starling curve to predict fluid responsiveness instead of indicators of volume status, or as markers of cardiac preload [26] , despite strong correlations among IDVG, PPV, SPV, and PVI. An elevated PPV, SPV, or PVI, or an increase in these indices, implies operating on the steep portion of the FrankStarling curve, which will remind the physician to respond to further fluid loss to avoid hemodynamic instability [20, 27] .
There are some limitations in our study. The gold standards of measuring circulating blood volume by 131I-labeled human serum albumin or indocyanine green are not available in our institute; therefore, it is hard to define hypovolemia. In the present study, we arbitrarily assumed an IDVG less than 100 mL/kg or a PPV over 11% as thresholds for hypovolemia according to previous reports [12, 22] . PVI is based on peripheral volume and vascular tone-dependent dynamic preload variables [28, 29] , but we did not do a fluid challenge or manipulate vascular tone to confirm whether this linear relationship remained the same. To minimize the effects of stress on the measurement of PVI, we finished our observations before skin incision. Further experiments will be needed to explore the relationship between PVI and IDVG under different stresses or fluid challenges.
Conclusions
Strong correlations exist among IDVG, PPV, SPV, and PVI in the evaluation of volemia following anesthesia induction. PVI may be a useful indicator of moment-by-moment central ECF volume for those patients in whom invasive hemodynamic monitoring is not strictly required.
